Background: Abnormal cortical pain responses in patients with fibromyalgia and conversion disorder raise the possibility of a neurobiologic basis underlying so-called "functional" chronic pain. Objective: To use percept-related fMRI to test the hypothesis that patients with a painful functional bowel disorder do not process visceral input or sensations normally or effectively at the cortical level. Methods: Eleven healthy subjects and nine patients with irritable bowel syndrome (IBS) underwent fMRI during rectal distensions that elicited either a moderate level of urge to defecate or pain. Subjects continuously rated their rectal stimulus-evoked urge or pain sensations during fMRI acquisition. fMRI data were interrogated for activity related to stimulus presence and to specific sensations. Results: In IBS, abnormal responses associated with rectal-evoked sensations were identified in five brain regions. In primary sensory cortex, there were urge-related responses in the IBS but not control group. In the medial thalamus and hippocampus, there were painrelated responses in the IBS but not control group. However, pronounced urge-and pain-related activations were present in the right anterior insula and the right anterior cingulate cortex in the control group but not the IBS group. Conclusions: Percept-related fMRI revealed abnormal urge-and pain-related forebrain activity during rectal distension in patients with irritable bowel syndrome (IBS). As visceral stimulation evokes pain and triggers unconscious processes related to homeostasis and reflexes, abnormal brain responses in IBS may reflect the sensory symptoms of rectal pain and hypersensitivity, visceromotor dysfunction, and abnormal interoceptive processing.
Irritable bowel syndrome (IBS) is a disorder characterized by chronic visceral pain 1 and rectal hypersensitivity, 2 exemplified as a reduced rectal pain threshold. [3] [4] [5] [6] IBS patients also perceive rectal stimuli to be more unpleasant than do healthy subjects, 7 are hypervigilant of visceral sensations, 8 and have a higher level of anxiety and somatization associated with rectal distension. [9] [10] [11] [12] Given the evidence of peripheral [13] [14] [15] [16] [17] [18] and CNS 19, 20 abnormalities, we propose that a dysfunction in brain-gut interactions underlies chronic pain in IBS.
Neuroimaging during rectal stimulation in healthy subjects consistently reports cortical activations in primary somatosensory (S1), secondary somatosensory (S2), anterior insular, dorsolateral prefrontal, and orbitofrontal cortices, [21] [22] [23] [24] [25] [26] [27] [28] yet neuroimaging results in IBS have been inconsistent. 21, 24, [29] [30] [31] [32] [33] These previous studies have not considered the variety of rectal-evoked sensations (e.g., urge to defecate, pain, and unpleasantness). [34] [35] [36] Rectal distension trig-gers widespread brain activity, some of which may be involved in conscious perception of these different sensations and some of which may not be perceived but could relate to homeostatic, visceromotor, or reflexive functions. We have shown that the perceptual responses to rectal stimuli are time locked to the stimulus period in healthy subjects but are dissociated from the duration and intensity of rectal stimuli in IBS patients. 6, 37 Therefore, we sought to use percept-related fMRI 38, 39 to identify in IBS patients abnormal cortical activations evoked by rectal distension and abnormal cortical activation associated with urge or pain perception. Some data from this study have been briefly presented in abstract form. 40 Methods. Subjects. Prior to study entry, each subject's suitability for either the control or the patient group was assessed using an inclusion/exclusion criteria questionnaire, and informed consent was acquired according to ethics guidelines of the University Health Network. None of the control subjects had a medical history of chronic pain, bowel disturbance, or visceral disease. IBS patients were recruited from the Gastrointestinal Unit of the Toronto Western Hospital and satisfied the following inclusion criteria: 1) positive diagnosis of IBS in accordance with the Rome II Criteria 1 by a trained gastroenterologist and 2) standard clinical investigations to exclude the presence of organic disease. IBS pa-tients were required to cease taking all medications at least 1 week prior to the study. The control group consisted of 11 healthy subjects (7 women and 4 men; age range 24 to 49 years, mean Ϯ SD age 31.7 Ϯ 7.4 years), whereas the patient group consisted of 9 IBS patients (6 women and 3 men; age range 23 to 55 years, mean Ϯ SD age 37.8 Ϯ 10.5 years). The average age of the two groups was not different (p ϭ 0.15, Student t test). Each subject fasted for at least 9 hours prior to the experiment and selfadministered a Fleet enema (C.B. Fleet, Lynchburg, VA) 2 hours prior to the functional neuroimaging experiment. Experiments in women were performed between 3 and 10 days after menstruation (i.e., during early follicular phase) to reduce the variability in pain ratings across the menstrual cycle. 41, 42 Rectal stimulus and evoked sensations. An infinitely compliant polystyrene balloon catheter (10 cm long and 800-mL capacity; Mui Scientific, Mississauga, Ontario, Canada) connected to a computer-controlled barostat (Distender Series II; G & J Electronics, Toronto, Ontario, Canada) was used to deliver isobaric distensions of the rectum at an inflation rate of 40 mL/s. The balloon was positioned in the rectum with its base 10 cm from the anal verge prior to entry of the MRI suite. Subjects were required to lie in a supine position on the MRI platform, and a foam pad was placed underneath the subject's hip to prevent excessive bending of the tube connecting the balloon catheter and barostat. Balloon pressure and volume and on-line perception ratings were continuously sampled (5 Hz) using a data acquisition program (Labview; National Instruments, Austin, TX). During each fMRI scanning session, subjects continuously rated the magnitude of either urge to defecate or pain evoked by the rectal stimuli using a computerpresented 100-point Visual Analog Scale (VAS). Subjects used a mirror system to view the computerized VAS, which was backprojected onto a screen placed at the foot of the MRI platform. All subjects used their left index finger to manipulate a trackball device that controlled the movement of a cursor along the VAS. 38 We have previously considered the impact of these ratings 38 and found little, if any, spurious motor activations produced by the slight (Ͻ5-mm) movement of a single finger. The word anchors for both the urge and pain intensity scales were adapted from the work of Gracely et al. 43 and described as weak (1 to 20), mild (21 to 40), moderate (41 to 60), strong (61 to 80), and intense (81 to 100).
Experimental protocol. The intensities of rectal stimulation used during fMRI sessions were 1) baseline pressure and 2) pressures that elicited either a moderate intensity of urge to defecate or moderate pain intensity. These pressures were initially determined in a psychophysical experiment conducted at least 1 week prior to the fMRI study using an ascending stepwise distension protocol. 6, 37 On the day of the fMRI study, these pressures were tested and adjusted just prior to the scanning sessions to set a level that evoked moderate intensities (50/100 on a verbal rating scale) of urge or pain. These set pressures were used throughout the scanning session. During the fMRI scanning, rectal stimulation evoked average peak urge and pain ratings (using the online VAS system) in the IBS group (mean Ϯ SEM urge rating 39.1 Ϯ 6.5, pain rating 36.6 Ϯ 4.7) that were not different compared with the control group (urge rating 30.6 Ϯ 3.9, pain rating 31.4 Ϯ 2.9) (for urge ratings, p ϭ 0.26; for pain ratings, p ϭ 0.34; Student t tests). Although IBS patients have lower pain thresholds than controls, 6 the pressures used to evoke moderate urge or moderate pain were not different (for urge pressure, p ϭ 0.55; for pain pressure, p ϭ 0.65; Student t tests) between the IBS group (urge pressure 23.6 Ϯ 1.9 mm Hg, pain pressure 32.9 Ϯ 2.7 mm Hg) and the control group (urge pressure 25.4 Ϯ 2.2 mm Hg, pain pressure 36.9 Ϯ 3.1 mm Hg).
During each fMRI run, a set of 12 20-second duration rectal distensions were interleaved with baseline distensions of varying duration (either 10, 20, or 30 seconds). The purpose of baseline distensions of varying duration was to prevent anticipation of higher intensity urge-or pain-eliciting distensions. The distensions used in the first scan were delivered at a pressure that elicited a moderate intensity of the perception of urge, and subjects were instructed to continuously rate the sensation of urge (figure 1). The distensions used in the second scan were delivered at a pressure that elicited a moderate intensity of pain and subjects were instructed to continuously rate the sensation of pain (see figure 1 ).
MRI parameters. Brain images were obtained using a standard quadrature head coil on a 1.5 T echo speed MRI system (GE Medical Systems, Milwaukee, WI). A standard T1-weighted three-plane localizer was initially obtained to ascertain the proper coordinates for acquisition of anatomic images. A T1weighted three-dimensional inversion recovery-prepped fast spoiled gradient-recalled sequence (echo time [TE] ϭ 5 milliseconds, repetition time [TR] ϭ 25 milliseconds, flip angle ϭ 45°) was used to generate 124 1.5-mm-thick sagittal anatomic images (256 ϫ 256 matrix size, field of view ϭ 24 ϫ 24 cm, in-plane resolution ϭ 1.17 ϫ 1.17 mm) that covered the entire head. Twenty-five 4-mm-thick axial functional images covering the entire head were acquired using a T2*-weighted gradient echo spiral sequence through K-space 44 (one shot, TE ϭ 40 milliseconds, TR ϭ 2,000 milliseconds, field of view ϭ 20 ϫ 20 cm, in-plane resolution ϭ 3.125 ϫ 3.125 mm). Each functional imaging session consisted of a total of 270 volumes for a total acquisition time of 9 minutes.
Processing and statistical analysis of brain images. The processing of anatomic and functional brain images was performed using Brain Voyager 4.9 (Brain Innovation b.v., Maastricht, the Netherlands). Preprocessing of anatomic images involved resampling to a resolution of 1 ϫ 1 ϫ 1 mm and transformation into a standard stereotaxic space. 45 Preprocessing of functional images first included correction for differences in time-slice acquisition, co-registration of functional images into three-dimensional stereotaxic space, and resampling of images to a resolution of 3 ϫ 3 ϫ 3 mm. These images subsequently underwent further preprocessing, including 1) removal of linear trends from the time course of each voxel, 2) correction of motion artifacts using a threedimensional motion correction algorithm, 3) spatial smoothing using a 6-mm full width at half-maximum (FWHM) Gaussian kernel to accommodate intersubject variations in brain anatomy, 4) temporal smoothing of the time series of each voxel using a 1.4 frame FWHM Gaussian kernel, and 5) temporally smoothing using a high-pass filter (period Ͼ 273 seconds) to remove slow nonlinear drifts in the time series.
Data from individual subjects within each group (IBS, controls) were averaged and analyzed using a general linear model (GLM) to examine brain activity changes (activation). Two analyses were performed using either the normalized stimulus (rectal pressure) waveform or raw sensory ratings waveform as the predictor curve. As a major objective was to determine brain activity correlated to the temporal profile of the stimulus curve, the pressure curve was normalized by scaling pressure values between the minimum pressure, which was set to a value of 0, and the maximum pressure, which was set to a value of 1. Predictor curves were generated from either the normalized stimulus or the ratings waveforms convolved with a standard hemodynamic (gamma variate) reference function (BrainVoyager 4.9). Therefore, the resultant activations are referred to as "stimulus related," "urge related," or "pain related." A further analysis was carried out to examine significant differences in brain activity between groups using a GLM in which data from IBS patients were contrasted to data from control subjects using predictor curves generated from stimulus or ratings waveforms.
The threshold of activation maps was based on a combination of voxel-wise p value (p Ͻ 0.0001) and cluster size (150 mm 3 ) that was previously validated. 38, 46, 47 Furthermore, we used Alphasim software (B. Douglas Ward, Biophysics Research Institute, Medical College of Wisconsin, Madison, WI) to create Monte-Carlo simulations of parameters particular to our scanning and processing protocol to verify that the above threshold would result in an image-wide corrected p value of p Ͻ 0.05. Overlap maps showing thresholded activations (see above) from both IBS and control groups during specific conditions were generated using in-house software.
The main aim of this study was to delineate differences in cortical processing associated with rectal stimulation and with the sensations evoked by the stimulation in patients with IBS compared with healthy control subjects. Differences in fMRI responses between the IBS and control groups may arise owing to differences in the magnitude of responses or the location and spatial extent of activations. A popular method of showing differences between two subject groups is to subtract (i.e., contrast) one set of group data from the other. However, interpreting the resultant activations is complex. For example, an apparent activation in a Group A-B contrast can arise when 1) there is activation in Group A but not Group B; 2) there is activation in Groups A and B, but A is significantly greater than B; 3) there is no activation in Group A and a deactivation in Group B; 4) both Group A and B are deactivated, but Group B is more strongly deactivated; 5) Group A and Group B responses are subthreshold in terms of either magnitude or extent, but the difference between them is significantly above threshold; 6) activations in Groups A and B are similar in magnitude but differ in spatial extent. Therefore, we constructed individual group maps in addition to the group difference maps so that these possibilities could be considered: activations occurring 1) uniquely in the control group are displayed in green, 2) uniquely in the IBS group are displayed in red, and 3) common to both groups are displayed in yellow (figures 2 and 3). The between-group contrast maps (see figures E-1 and E-2 on the Neurology Web site; go to www.neurology.org) indicate brain activity that was significantly higher in the IBS group than the control group (shown in orange hues) or significantly lower in the IBS group than the control group (shown in blue hues). Figure 1 shows examples of psychophysical ratings of rectal-evoked urge and pain and normalized stimulus (pressure) waveforms (convolved with the hemodynamic response function) emphasizing the temporal profile relationship between ratings and stimulus curves. The temporal profile of ratings acquired from IBS patients differed from that in control subjects during both urge-eliciting and pain-eliciting distensions. In control subjects, the sensation ratings curve followed the general temporal profile of the stimulus (pressure) curve but with a slight delay. In IBS patients, the sensation ratings did not tightly follow the temporal profile of the stimulus curve. A notable differ-ence between groups is that in the control subjects, as the sensation ratings decreased to zero after each stimulus, they typically remained elevated in the IBS patients. A detailed report of the psychophysical profile differences between IBS and control subjects was recently published. 6 Brain activations during low-pressure rectal distensions that elicit urge. Stimulus-related activations during rectal distensions at pressures that evoked a moderate urge sensation were mostly confined to the prefrontal cortex and insula (table 1; see figure 2A and also figure 2A ). Stimulus-related activations appearing prominently in control but not IBS subjects were located in the right primary motor cortex (M1), right supplementary motor area (SMA), and left anterior insula (see tables 1 and E-1 [on the Neurology Web site]; also figure 2A). The M1 and SMA activations could be due to the left finger movements used to rate the urge sensation, which were more temporally related to the stimulus in the control subjects than in the IBS group. Conversely, prominent stimulus-related activations found in the IBS group, but not control group, were located in right BA44, the left Urge-related activations were more widespread and spatially extensive than low-pressure stimulus-related activations, particularly in the control group (see tables 1 and E-1 [on the Neurology Web site]; also figure 2B). A large anterior cingulate cortex (ACC; right BA24 and 32) activation was identified in the control group, but in the IBS group only a very small region of the left ACC was activated (see figure 2B ). Again, urge-related activations appearing in both control and IBS groups were located in both prefrontal cortices and right inferior parietal cortex, but these were more extensive in controls (see tables 1 and E-1 [on the Neurology Web site]; also figure 2B ). Although urge-related activations in the right temporoparietal junction (which consists of BA22, 39, and 40) overlapped in control and IBS groups, this activation was much larger in the control group (see figure 2B ). Prominent urge-related activations in the anterior insular cortex bilaterally and in the left basal ganglia (caudate, putamen, and pallidum) were found only in the control group but not the IBS group (see figure 2B ). Finally, urge-related activations unique to the control group were found bilaterally in S2 and in the right premotor cortex (see tables 1 and E-1 [on the Neurology Web site]; also figure 2B ). Conversely, a prominent urge-related activation that appeared in the IBS but not the control group was located in the right S1 (see tables 1 and E-1 [on the Neurology Web site]; also figure 2B).
Results. Psychophysical measurements during fMRI.
The contrast maps of IBS vs control group data revealed additional regions (medial thalamus, hippocampus, posterior cingulate cortex [PCC], precuneus) where brain activity during low-pressure distensions was apparently higher in IBS than control subjects (see figure E-1 on the Neurology Web site), but as these regions did not appear in the individual group maps (see figure 2 ), the meaning of these findings is complex (see Methods). For stimulus-related contrast map, the IBS group had higher brain activity bilaterally in both medial thalamus and hippocampus, in left medial prefrontal cortex, in left precuneus, bilaterally in PCC, and in the right caudate nucleus (see figure E-1A on the Neurology Web site). For the urge-related contrast map, higher activity in the IBS group was located in the left PCC and bilaterally in the caudate nucleus (see figure E-1B on the Neurology Web site). Brain regions where activity was lower in the IBS than the control group (see figure E-1 on the Neurology Web site) coincided with the location of activations of the control group for stimulus-or urge-related activations (see figure 2) .
Brain activations during high-pressure painful rectal distensions. High-pressure stimulus-related activations were more widespread in the IBS group ( figure 3A) , whereas pain-related activations were more widespread in the control group (see figure 3B ).
Stimulus-related activations were found for both the control and IBS groups bilaterally in the temporal, frontal, and anterior insular cortices, the right SMA, the left S2, and the right ventral M1 (see tables 1 and E-2 [on the Neurology Web site]; also figure 3A ). The IBS group had a larger activation of the left anterior insula than controls during painful rectal distension, although the dorsal aspect of the right anterior insula was activated only in the control group (see figure 3A ). Stimulus-related activations that appeared only in the IBS group were located in many regions including the right hippocampus, right posterior insular cortex, left medial thalamus, right pallidum, left putamen, and bilaterally in the precuneus (see tables 1 and E-2 [on the Neurology Web site]; also figure 3A) .
Large pain-related activations in the control group, and to a lesser extent in the IBS group, were found bilaterally in the prefrontal and inferior parietal cortices and the right temporal cortex (see tables 1 and E-2 [on the Neurology Web site]; also figure 3B). Pain-related activations common to both control and IBS groups were also found in left anterior insular cortex, right S1, and left S2 (see tables 1 and E-2 [on the Neurology Web site]; also figure 3B). Although there was significant overlap of activations between groups in these regions, activations in right tem-poroparietal junction, right prefrontal cortex, bilateral anterior insular cortex, left S2, bilateral ACC, and basal ganglia were much larger in spatial extent in the control group (see figure 3B ). Also, conspicuously large activations spanned BA32 and BA24 in the right ACC in the control but not IBS group (see figure 3B ). Also of note were the large activations situated in the middle and dorsal portions of the right anterior insula found in the control group and not IBS group (see figure 3B ). Finally, pain-related activations in the hippocampus appeared only in the IBS group (see tables 1 and E-2 [on the Neurology Web site]; also figure 3B ).
Contrast maps of IBS vs control group constructed for pain-eliciting high-pressure distensions revealed additional regions where brain activity appeared to be greater in IBS than control subjects (see figure E-2 on the Neurology Web site); yet these regions were not identified in the single-group activation maps, and so their meaning is unclear (see above and Methods). For the stimulus-related contrast map, the IBS group had higher brain activity in left hippocampus and left medial prefrontal cortex (see Discussion. These data demonstrate that the brain response to rectal distension is different in IBS 
IBS ϭ irritable bowel syndrome; BA ϭ Brodmann area; S1 ϭ primary somatosensory cortex; S2 ϭ secondary somatosensory cortex; TPJ ϭ temporoparietal junction; SMA ϭ supplementary motor area; M1 ϭ primary motor cortex; (-) ϭ no activation; R ϭ right-sided activation; L ϭ left-sided activation; BI ϭ bilateral activation.
compared with healthy control subjects. Five key brain areas were differentially activated in IBS vs healthy individuals: S1 and four components of the medial pain system (medial thalamus, hippocampus, anterior insula, and ACC) 48 ( figure 4) . These findings may reflect abnormal sensory and affective-emotional processing of visceral input, interoception, and visceromotor regulation in IBS.
Interpreting abnormal brain activation during rectal distension in IBS patients requires consideration of both conscious events (i.e., perceptual responses) and unconscious processing (e.g., homeostatic and/or motor/reflex responses) of the stimulus. Percept-related activations were more extensive than stimulus-related activations in control subjects, likely owing to a better temporal "fit" with the percept compared with the stimulus pressure curve. However, this was not always the case for the IBS group during high-pressure distension, highlighting a possible index of abnormal conscious and unconscious rectal perception and brain-gut relationships. Although IBS patients are not uniform in their perceptual abnormalities, we have previously demonstrated 6 that they all show some form of abnormal perceptual urge and pain responses to rectal distension, in terms of either temporal fit (e.g., prolonged responses) or increased response intensity. As rectal distension evokes a variety of sensations including urge to defecate and pain, [34] [35] [36] [37] our findings underscore the importance of monitoring perceptual responses during fMRI. For example, a ventrolateral S1 activation was detected by correlating the fMRI data to the temporal dynamics of the urge sensation but not to the low pressure stimulus in the IBS group.
A heightened sensitivity in the sensory processing of rectal distension in IBS could be reflected by the activation of S1 in IBS (but not control) subjects during low-pressure rectal distensions. This activation was located in the inferolateral aspect of S1, a region associated with the processing of visceral input. 49, 50 As the control subjects only activated S1 during high-pressure distension, these findings suggest that the threshold for S1 activation is lower in IBS and that painful rectal stimuli may normally be required for the activation of this cortical area. Therefore, the S1 activation in the IBS group may reflect visceral allodynia. These findings are consistent with one fMRI study, 27 but contrary to another. 25 Nonetheless, S1 activation produced by low-pressure distension in controls may still be a point of contention because another fMRI study 27 also failed to find S1 activation with this type of stimulation. More importantly, our finding of S1 activation during lowpressure rectal distension in IBS and not control subjects supports psychophysical observations that patients with IBS are hypersensitive to visceral stimuli as well as have abnormal rectal perception. 2, [7] [8] [9] We have also reported that low-pressure distensions eliciting a level of moderate urge were also felt as mildly painful in IBS patients. 6 The finding 
. Major sites of activation differences between irritable bowel syndrome (IBS) and healthy control subjects.
Brain maps indicate urge-related activations (as indicated by the yellow arrow) within S1 and pain-related activations in medial thalamus and hippocampus that appear only in the IBS group, whereas control group images show the absence of activation in analogous brain regions (as indicated by the green circle). Conversely, the control group shows prominent pain-related activations within the dorsal anterior insula and anterior cingulate cortex but not in the IBS group. Right (R) and left (L) sides of the brain are indicated in axial and coronal brain images; sagittal images were from the right hemisphere. that both painful cutaneous and visceral stimuli have been shown to activate common regions of the insular cortex in IBS patients 28 suggests that this region is responsible for the processing of both types of pain in IBS patients. As the lateral S1 region is specifically activated by intra-abdominal but not cutaneous stimuli, 51, 52 our lateral S1 activation observed only during low-pressure rectal stimulation in IBS suggests that this region may play a specific and important role in visceral hyperalgesia in IBS.
Our study also suggests that brain regions associated with the affective-emotional dimension of pain are altered in IBS. 53, 54 For example, the medial thalamus (an integral pain-processing center [55] [56] [57] [58] [59] ) activated only in the IBS patients during high-pressure (painful) rectal distension. Medial thalamus was noted in previous studies for both IBS and control subjects during painful rectal distension, 24, 28 whereas we observed a large medial thalamic activation in IBS patients but little activation in this area in control subjects during painful rectal distension. These differences could be due to the conservative statistical threshold used in our image analysis that could exclude a weaker medial thalamic activation in the control group. Consistent with this view is the finding of a much larger medial thalamic activation in IBS patients compared with controls. 24 Indeed, when the statistical threshold was lowered to p Ͻ 0.05 (uncorrected) or cluster threshold was lowered to below 50 mm 3 , there was a weak activation of the left dorsomedial thalamus in control subjects (data not shown). The hippocampus is also associated with the affective-motivational processing of pain, [60] [61] [62] [63] [64] [65] and this region was only activated in the IBS group during painful rectal distension. Activation of both medial thalamus and hippocampus by painful rectal distension is consistent with observations that IBS patients display a great aversion to visceral stimuli 66 and perceive rectal distension as highly unpleasant 7 and suggests that rectal distension in IBS patients evokes a high level of affect and anxiety. 62, 67 On the other hand, a lack of activation in these two brain areas in controls suggests relatively less affective processing associated with moderately painful rectal distension. This concept is supported by the findings that pain intensity and unpleasantness are comparable in control subjects at most rectal distension intensities. 7, 8, 37 The amygdala plays a key role in the affective-motivational dimension of pain through the processing of fear associated with the pain experience. [68] [69] [70] [71] [72] Although we did not identify statistically significant amygdala activations in either group, the IBS minus control contrast did reveal amygdala activity. However, the meaning of this activation is complex and could be due to a combination of subthreshold activities (see Methods).
Perhaps the most remarkable difference in activation between IBS patients and control subjects is within insular cortex, an important brain area for the integration of visceral and somatosensory input. 73, 74 Painful rectal distension produced left ante-rior insular cortical activation in IBS patients both in our study and in others. 28, 32 Our study highlights the finding that regardless of distension level, there is activation in the dorsal pole of the right anterior insula in control subjects but not patients with IBS. The absence of activation in this region in IBS may suggest a "ceiling" effect whereby this region is already highly activated at basal state (i.e., in a chronic pain state) and thus cannot be further activated during rectal distension. 75, 76 However, lower activity in the right dorsal anterior insula in IBS compared with control subjects found in our contrast map analysis would suggest that this region inherently has low activity in IBS. This region has been implicated as critically important for interoception [77] [78] [79] [80] and has connections to posterior insula, higher cortical centers such as S2, and subcortical areas such as thalamus, amygdala, and hippocampus. 73, 74, [81] [82] [83] Furthermore, the anterior insula is important for the regulation of visceral motor responses as shown by the different types of gustatory and cardiovascular responses elicited by electrical stimulation of this region. 84 Therefore, the lack of right anterior insular activation in IBS patients may indicate a deficit in interoceptive processing but, on the other hand, may signal a disruption in the formation of a proper homeostatic or visceral reflex response to painful rectal distension. As electrical stimulation of the anterior insula is capable of eliciting visceromotor activity, 85 a dysfunction of visceromotor control can conceivably result in rectal motor physiology abnormalities such as decreases in dynamic compliance, [13] [14] [15] static volume-pressure relationship, 16, 17 and rate of rectal relaxation. 17, 18 The ACC is a key brain area implicated in the attentional and emotional components of pain. 86 Previous fMRI studies in patients with IBS have demonstrated rostral ACC activations during painful 28 and both nonpainful and painful rectal distension. 24, 32 Our study found a large activation in the midrostral ACC during painful rectal distension in the control group. In the IBS group, we found a distinct rostral ACC activation during painful high-pressure distensions but did not observe any activation in this region during low-pressure rectal distension. Such findings suggest that attentional engagement is higher in controls vs IBS patients. It is difficult to interpret and reconcile the differences across studies, but given the well-known role of the rostral ACC in emotion, previous activations may be related to general limbic function. Regardless, activation during painful rectal distension in both our study and others' 24, 32, 28 indicates that this region likely plays a role in the processing of painful visceral stimuli in IBS. Consistent with this concept is that ACC activation can be abolished with the resolution of IBS symptoms by behavioral intervention 87 and that pharmacological treatment with a 5-HT 3 receptor antagonist reduces pain intensity and unpleasantness ratings during painful rectal distension as well as decreases blood flow in the ACC. 88 Although percept-related fMRI used in the current study was especially relevant to identifying differences in ACC processing in IBS patients, this approach additionally revealed central substrates of visceral allodynia (hypersensitivity) and differential visceromotor activity that can impact on the sensory, attentional, or affectiveemotional dimensions of pain processing in IBS.
